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ABSTRACT 

RNA editing by adenosine deaminases acting on 
RNAs (ADARs) can be both specific and non- 
specific, depending on the substrate. Specific 
editing of particular adenosines may depend on 
the overall sequence and structural context. 
However, the detailed mechanisms underlying 
these preferences are not fully understood. Here, 
we show that duplex structures mimicking an 
editing site in the Gabra3 pre-mRNA unexpectedly 
fail to support RNA editing at the Gabra3 l/M site, 
although phylogenetic analysis suggest an evolu- 
tionary conserved duplex structure essential for 
efficient RNA editing. These unusual results led us 
to revisit the structural requirement for this editing 
by mutagenesis analysis. In vivo nuclear injection 
experiments of mutated editing substrates demon- 
strate that a non-conserved structure is a determin- 
ant for editing. This structure contains bulges either 
on the same or the strand opposing the edited ad- 
enosine. The position of these bulges and the 
distance to the edited base regulate editing. 
Moreover, elevated folding temperature can lead 
to a switch in RNA editing suggesting an RNA struc- 
tural change. Our results indicate the importance of 
RNA tertiary structure in determining RNA editing. 

INTRODUCTION 

The most common type of RNA editing in animals 
involves the conversion of individual adenosine (A) 
bases to inosine (I) by adenosine deaminases acting on 
RNA (ADARs) (1,2). Because inosine (I) is read as guano- 
sine (G) during translation, A-to-I conversion in coding 
sequences leads to amino acid alterations and often entails 
changes in protein function. The majority of editing events 
in coding sequences has been identified in the nervous 
system (3-7). 



Any double-stranded region of at least 23 bp may po- 
tentially be a substrate for ADARs (8). Such shorter 
regions of imperfectly paired dsRNA may be precisely 
edited at one particular adenosine in the midst of dozens 
of others. In contrast, long regions of perfectly paired 
dsRNA may be edited non-specifically, and up to 50% 
of the adenosine residues within an extended, perfect 
RNA duplex may be edited (8). All known editing sub- 
strates of ADARs are predicted to be embedded in exten- 
sive duplex structures that are invariably interrupted with 
loops, bulges and mismatches (9). It is thought that these 
structural features enable ADARs to recognize specific 
adenosines (10). Although the structure of the ADAR2 
catalytic domain has been determined (11), the specific 
structural features required for editing have not been 
fully defined, nor is it understood how sequence and struc- 
tural variations among editing sites contribute to differ- 
ences in editing activity (12). Hence, it is still impossible to 
predict if and to what extent a given RNA might serve as a 
substrate for the site-specific editing in vivo (9,13). 

The mouse GABAa receptor 3 subunit transcript was 
identified as an ADAR substrate, in which a small exonic 
RNA duplex is required for l/M site editing (14,15). 
Editing in Gabra3 RNA transcripts is regulated in a de- 
velopmental- and tissue-specific manner, reaching a 
maximum in the adult brain (14-17). Editing at the l/M 
site of GABAa receptor pre-mRNAs could regulate the 
function of a3 subunit-containing GABA A receptors, with 
higher GABA sensitivity, faster activation, slower deacti- 
vation and greater outward rectification associated with 
the non-edited a3 subunit (15,18). Mutagenesis studies 
indicated that the conserved short duplex structure in 
Gabra3 RNA is required for editing and might be the 
minimal natural editing substrate (15). Therefore, this 
duplex is a well suited model to examine the effect of 
sequence and structure context on editing choice and 
efficiency. 

In this study, we dissect the role of the stem-loop struc- 
ture for efficient RNA editing at the Gabra3 l/M site. 
Unexpectedly, a mimicking stem-loop fails to undergo 
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RNA editing. These results led us to revisit the structural 
requirement for this editing event by mutagenesis analysis. 
Point mutations followed by in vivo nuclear injection and 
editing experiments demonstrated that a non-conserved 
structure is a determinant for editing. The orientation of 
bulges at the base of the stem-loop structure seemingly 
regulates editing efficiency. Moreover, temperature 
changes can regulate editing by altering the RNA struc- 
ture. In summary, our results emphasize the role of RNA 
tertiary structures in modulating RNA editing. 

MATERIALS AND METHODS 

Materials 

Tortoise (Chinemys reevesii), lizard (Aspidoscelis inornata), 
cattle (Bos taurus), dog and chicken were bought from 
market. Mouse was kindly provided by the Institute of 
Cell and Genetics, Zhejiang University. Total RNA was 
isolated using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany), according to the manufacturers protocol. 
Genomic DNA was isolated using the Universal 
Genomic DNA Extraction Kit (TaKaRa, Dalian, China). 

RT-PCR 

Total RNA was prepared using TRIzol-reagent 
(Invitrogen, Carlsbad, CA, USA) from different tissues 
of various animals. Total RNA was reverse transcribed 
using Superscript III RTase (Invitrogen) with 
oligo(dT) 15 primer, and the resulting single-stranded 
cDNA product was treated with RNase H at 37°C for 
30min. The oligonucleotide and primer sequences are 
listed in Supplementary Table SI. RT-PCR products 
were gel purified and subjected to direct sequencing with 
corresponding specific primers. In addition, the products 
of RT-PCR were purified and cloned into the pGEM-T 
Easy vector (Promega, Madison, WI, USA) and trans- 
formed into competent cells. Sequencing of individual re- 
combinant clones was done using an automatic DNA 
sequencer. 

Chemical probing in vitro 

RNA structures were predicted using RNA folding and 
hybridization software Mfold, version 2.3 (19). Ten pico 
mole GABRA editing substrates were folded by first 
denaturing the RNA in the presence of 0.1 M KC1 and 
50 mM Cacodylate buffer pH 7.0 [for dimethylsulfate 
(DMS) and Kethoxal probing] or K-borate buffer pH 
8.0 [for l-cyclohexyl-(2-morholinoethy) carbodiimide 
metho-p-toluene sulfonate (CMCT) probing] at 95°C for 
1 min followed by 2 min at room temperature. MgCk> was 
then added to 1 mM or lOmM (final concentration). The 
samples were incubated at 37°C for 30 min. After folding 
the chemical modification was performed: (i) DMS 
probing: DMS was added (final concentration 29 mM) 
and the samples were incubated at room temperature 
for 20 min. The reaction was stopped using 
P-mercaptoethanol (final concentration 280 mM); (ii) 
CMCT: 10 ul CMCT (42mg/ml) were added and the 
samples were incubated at room temperature for 20 min; 



(iii) Kethoxal probing: 1 ul Kethoxal (7.4mg/ml) was 
added and the samples were incubated at 37°C for 
20 min. The reaction was stopped using 1 ul 0.5 M 
K-borate buffer pH 7.0. After precipitation the RNA 
was used for reverse transcription. Notably, the 
CMCT-modified RNA was resuspended in 25 mM 
K-borate buffer pH 8.0 buffer, while the DMS- or 
Kethoxal-modified RNAs were resuspended in H 2 0. 
Each RNA was tested at both Mg 2+ concentrations, 
whereby we observed significant differences only for the 
Gallus gallus derived substrates, while the modification 
pattern remained unchanged for the other substrate 
RNAs (data not shown). 

Reverse transcription 

One pico mole of RNA was used for reverse transcription, 
which was essentially performed as described in (20). RT 
stop controls were obtained from unmodified RNA to 
detect natural stops of the avian myeloblastosis virus 
(AMV) reverse transcriptase (Promega) along the RNA 
template. Analysis of polyacrylamide gels was done with 
ImageQuant software (GE Healthcare). 

Minigene construction, site-directed mutagenesis 

Genomic DNA was taken as template, and PCR was per- 
formed to attain the corresponding DNA segments en- 
compassing the potentially edited A. Wild-type (WT) 
minigene DNA, corresponding to the nucleotide positions 
1234-1283 (NM_000808), was cloned into the pGEM-T 
Easy vector (Promega). Site-directed mutagenesis was per- 
formed according to the schematic diagrams of minigene 
constructs by PCR. DNA mutations engineered into 
expression constructs (Ml— Ml 8, M23-M29) were 
designed to singly disrupt base pairing interactions or, 
in combination (such as M19-M22), to restore base 
pairing while changing the identity of base pairing 
partners. These mutants are identical to WT minigene 
construct except for the mutated sites. More specific 
details can be obtained upon request from the authors. 
All constructs were sequence-verified before in vitro 
transcription. 

In vitro transcription 

WT or mutant minigenes were placed downstream of the 
T7 RNA polymerase promoter by PCR using Pfu Taq 
DNA polymerase. Transcription was carried out at 37°C 
for 1 h in the following system: DNA 500 ng, 10XT7 RNA 
polymerase buffer 2ul, 50 mM DTT 2ul, 2.5 mM NTP 
mix 4 pi, RNase inhibitor (40U/ul) 0.5 ul, T7 RNA poly- 
merase (Takara Bio, Dalian, China) 10 U and diethylpyr- 
ocarbonate (DEPC)-treated water to 20 ul. The template 
DNA was then degraded with 2U DNase I (Ambion) 
after transcription. Synthesized RNAs were collected 
with Trizol (Invitrogen) and quantified. 

RNA folding 

The purified RNA samples were equally divided and 
folded in folding buffer: 95 ul DEPC water and 5ul 1M 
MgCl 2 . After incubating for 2 min at 100°C, four parts 
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RNAs were cooled to 25, 28, 33 and 37°C, respectively, 
then precipitated with EtOH at -80°C for 2h. The folded 
RNAs were dissolved and then microinjected into Xenopus 
oocytes at 25°C. At temperature-mediated test, the folded 
RNAs were correspondingly microinjected into oocytes at 
28, 33 and 37°C, respectively. 

Native and denaturing PAGE 

The purified RNA samples were heated for 2 min to 90° C 
in 50 mM MgCl 2 , cooled to 25 or 37°C and precipitated 
upon addition of Ethanol at — 80°C. The dissolved RNAs 
were analysed by 16% native polyacrylamide gel and 
denaturing polyacrylamide gel, respectively. 

Xenopus oocyte nuclei micro-injection 

For injection into X. laevis oocyte nuclei, a- 32 P-ATP 
labelled RNA was injected in single oocytes. After 2h 
oocytes were hand enucleated and the nuclei were 
homogenized. The RNA was isolated by TRIzol-reagent 
(Invitrogen). The isolated RNA was heat denatured and 
placed on ice before adding PI nuclease. The resulting 
mononucleotides were separated on cellulose TLC plates 
as described (21). 

RNA editing analysis 

Injected X. laevis oocyte nuclei were isolated 2 h after in- 
jection and total RNA was prepared using TRIzol-reagent 
(Invitrogen). In all cases, the RNA samples were 
treated with DNase (DNA-free, Ambion) to remove 
contaminating genomic DNA. Total RNA was reverse 
transcribed using Superscript III RTase (Invitrogen) 
with random primers. In cases where not enough nucleo- 
tides 3' of the edited adenosine were present to design a 
specific primer RNA was polyadenylated at 37°C for 1 h 
by poly(A) polymerase (Takara) before reverse transcrip- 
tion. RNA editing was quantified as follows: RNA editing 
produces a Haelll (GGCC) or Hinlll (CATG) restriction 
enzyme cutting site. For each RNA sample quantified, 
three independent PCRs were carried out and the resulting 
products were cut with Haelll. In cases where the edited 
Haelll site was the target of site-directed mutagenesis, an 
Alul sites (AGCT) introduced by the mutation was used. 
Amplified PCR products were separated by electrophor- 
esis through a 12% polyacrylamide gel and then detected 
by silver staining. Images were captured through a CCD 
camera, and the quantification of edited and unedited 
products was done by comparison of the integrated 
optical density of detected bands measured by the GIS 
ID Gel Image System ver. 3.73 (Tanon, Shanghai, 
China). In addition, the products of RT-PCR were 
purified and cloned into the pGEM-T Easy vector 
(Promega). Additionally, sequencing of 20-30 individual 
clones was done to exclude the appearance of editing 
events in other portions of the structure. As a result, no 
additional editing sites were detected except the identified 
I/M site. 



RESULTS 

Evolutionary insight into a duplex structure for editing 

The mouse GABA A receptor oc3 subunit transcript 
(mGabra3) was recently identified as an ADAR substrate, 
in which a small exonic RNA duplex is required for I/M 
site editing (14,15). Gabra3 transcripts have a genomically 
encoded G at the equivalent position in fish (14). To de- 
termine the evolutionary origin of I/M RNA editing, we 
analysed the GABA A receptor 3 subunit from different 
tissues of three reptiles: Chinese three-keeled pond turtle 
(Chinemys reevesii), Siamese crocodile {Crocodylus 
siamensis), little striped whiptail (Aspidoscelis inornata) 
and two amphibians: Chinese fire-bellied newt (Cynops 
orientalis), and axolotl (Ambystoma mexicanum). RNA 
editing could be detected in the three reptilian species 
but not in Chinese fire-bellied newt and axolotl 
(Figure 1A and Supplementary Figure SI). Editing could 
only be detected in the brain but not in the non-neuronal 
tissues such as small intestine, kidney or adrenal gland 
(Supplementary Figure SI). Interestingly, editing levels 
in the brain directly correlated with evolutionary 
distance from the mammalian lineage (Figure 1). Based 
on these data, we suggest the following evolutionary 
scenario for Gabra3 A-to-I RNA editing: G which repre- 
sents the ancestral state was converted into A with the 
separation of caudata and raniformes. However, A-to-I 
RNA editing can immediately revert the G-to-A conver- 
sion event, maintaining similarity at the protein level to 
reduce negative selective pressure (22). During subsequent 
evolution, editing levels at this site increase, with a 
maximum in mammalian species. 

Besides Gabra3, the same 16 amino acid sequences are 
also encoded in other unedited transcripts, i.e. Gabral, 
Gabra2 and Gabra5 (Figure 2A). These Gabra subunits 
underlie different RNA secondary-structural constraints 
(Figure 2C). The Gabra3 genes with a highly stable struc- 
ture can undergo RNA editing; except for one with a 
genomically encoded G at the equivalent position 
(Figure 2C). The I/M editing duplex, encoding 16 amino 
acids, is the smallest natural helix known to be targeted by 
an ADAR enzyme. Because these sequences have an iden- 
tical coding capacity, they constitute an interesting and 
informative model to further investigate the evolutionary 
determinants of RNA editing. 

All known edited sequences from human to lizard are 
predicted to form three types of short duplex structures, 
with significant differences in shape of a variable region 
predicted by mFold analysis (Figure 2D and E) (19). This 
seems to imply that shape variation in this non-conserved 
region might be tolerated. The dsRNA structure contains 
a stem with one A-C mismatch that is capped by a 
tetraloop. Stem 1 of the Gabra3 hairpin is conserved in 
evolution because G can pair with C or U at Y28 position 
(Figure 2D and E). Apparently, the N 10 -N 37 mismatch at 
the synonymous position in cattle Gabra3 (which 
undergoes RNA editing) can be tolerated in this species 
(Figure 2D). However, sequence comparative analyses 
indicate that three pairs (N 13 -N 34 ; N 4 -Y 43 ; N1-N46) at 
the synonymous positions are evolutionarily conserved 
in all known edited sequences. Except for Gabra3, we 



5672 Nucleic Acids Research, 2011, Vol. 39, No. 13 




Mammalia 



Aves 



Reptile 



Amphibia 



Caudata 



Raniformes 



Pisces 



500MY 



400MY 



300MY 



I 

200MY 



Hsa 

Cfa 

Mmu 

Bta 

Gga 

Apl 

Cli 

Csi 

Ain 

Cre 

Ame 

Cor 

Xla 

Dre 

Fru 



.0, 



■J 

f 

""V 

\ 



s4 s 



Editing efficiency 
0 0.2 0.4 0.6 0.8 1.0 



3 

3 



100MY 



OMY 



B 



1.0 

>» 

£ 0.8 

0) 

£ 0.6 

LU 

O) 

= 0.4 



■a 
in 



0.2 
0 



Brain 



y=-0.001x+ 0.988 
R 2 =0.697 



100 



200 
(Myr) 



* Mammalia 
O Aves 
A Reptile 




300 



400 



1.0 

« 0.8 
g> 

"o 

E 0.6 
111 

U) 

£= 0.4 



-o 
ui 



0.2 



Small intestine 



y=3E-0.5x+0.01< 
R : =0.144 



Hsa Cfa Mmu eta 



100 



200 
(Myr) 



+ Mammalia 
O Aves 
A Reptile 



Csi 

Gga Ain 
*P' Cre 

Cll 0 k 



300 



400 



Figure 1. Phylogenetic analysis of Gabra3 I/M site. (A) Analysis of Gabra3 editing from mammalian to amphibian. Evolutionary tree showing the 
phylogenetic relationships among the species. Quantitative analyses of Gabra3 mRNA levels shows increased editing levels in mammalian compared 
with other classes (P < 0.05). (B) Elevated editing levels in mammalian brain compared with other classes. RNA editing of Gabra3 are low in small 
intestine from different species. Mammalian (diamonds). Aves (circles), Reptile (triangles). 



failed to find a similar stem-loop structure with pairing 
state at all Ni 3 -N 34 , N 4 -Y 43 and Ni-N 46 positions in 
other genes of Gabra family. This indicates that synonym- 
ous changes are under selective constraint to escape RNA 
editing in these transcripts, which might be unnecessary 
and even deleterious. 

A smart duplex structure for RNA editing 

To dissect the role of the stem-loop structure for RNA 
editing, we synthesized a number of mutant constructs and 
compared the amount of I/M site editing between the 
mutants and WT using an in vivo assay (Figure 3). As 
predicted, most of the mutations that changed 1 bp to 
another within the stem (i.e. compensatory mutations; 
Figure 3) had little effect on editing at the I/M site. In 
contrast, all mutations in Stems 1 or 2 that changed a 



base pair to a mismatch reduced editing efficiency to 
almost background levels supporting our prediction 
(Figure 3). Mutations in Stem 3 did not abrogate editing 
but only led to a modest reduction (Figure 3). This indi- 
cates that the conserved Stem 3 is not obligatory for I/M 
editing, but can increase editing efficiency. To further elu- 
cidate the structural requirements of Stem 3 for selective 
editing, several constructs were created where either Stem 
3 alone or in combination with the variable region was 
deleted. The resulting 11 -bp or 10-bp constructs lacking 
Stem 3 (and sometimes the variable region) still showed 
editing, albeit at much reduced efficiency (Figure 4B). 
Surprisingly, construct D6 only containing 9 bp still 
showed editing (>25%) (Figure 4B). It is noteworthy 
that this construct is much shorter than processed 
siRNAs. 
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Figure 2. Evolutionary and structural analysis of the Gabra subunits of vertebrates. (A) Multiple alignments of nucleotide sequences corresponding 
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Comparative analysis indicate that the U/CUCG loop is 
evolutionarily conserved and C or U is invariantly located 
at the Y 2 2 position (Figure 2D and E), as confirmed by 
point mutation. In contrast, the mutations at U23, G24, 
G25 could markedly reduce editing efficiency (Figure 3). 
Similarly, deletion or insertion mutations could markedly 
reduce editing efficiency (Figure 3). Binding of ADAR2 to 
a GCUMA pentaloop was previously found at the R/G 
editing site of glutamate receptor subunit B (GluR-B) (23). 
Our results indicate that U/CUCG terminal loops can 
play an important role in effective RNA editing. As pre- 
dicted, sequence context of the edited site is important and 



changes in the surrounding could markedly reduce editing 
efficiency (Figure 3). Moreover, introducing complete base 
pairing in the variable region by mutation reduced editing 
levels below half of WT levels (Supplementary Figure S3). 
Together, these results indicate that this smart 
mini-dsRNA structure, with one A-C mismatch and 
capped by a tetraloop, is required for efficient editing. 

A mimicking duplex structure fails to undergo 
RNA editing 

Although we failed to find a stem-loop structure identical 
to Gabra3 in other Gabra transcripts, a very similar 
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Figure 3. Sequence and structural elements in hGabra3 required for editing. Predicted RNA secondary structure of the 46-nt hGabra3 substrate. 
Mutations engineered into expression constructs (Ml— M29) were designed to disrupt base pairing interactions or, in combination, to restore 
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Stem 3 have no effect on editing efficiency. 



structure is predicted to form in chicken Gabral RNA; 
except for a N 4 -Y 43 mismatch at Stem 3, which represents 
a natural base pair disruption in Stem 3 (Figure 5A). We 
also identified naturally occurring structural mutants with 
a Ni-N 46 mismatch in Stem 3 of Fugu rubripes Gabral, 
and with a N 13 -N 34 mismatch in Stem 2 of Danio rerio 
Gabral (Figure 5 A). RNA editing failed to be detected in 
these transcripts. 

We next investigated whether these natural variants 
could undergo RNA editing after restoring base pairing 
by point mutation. A single synonymous change was 
introduced in chicken Gabral, converting a C 4 -U 43 
mismatch into an A 4 -U 43 paired state (Figure 5A). 
Thus, the mutated stem-loop structure resembles mam- 
malian Gabra3 (Figure 5A). In vitro synthesized RNA of 
the resulting minigene was tested for editing by micro- 
injection in Xenopus nuclei. Unexpectedly, no editing 
was detectable in either Xenopus nuclei or cytoplasms 
(Figure 5B), while a very strong editing signal was 
observed in both control constructs (mouse Gabra3 and 
FLNA). Sequencing confirmed efficient specific editing at 
the I/M site in the mouse Gabra3 minigene (Figure 2). We 
also introduced a single synonymous change into D. rerio 



Gabra5 minigene, converting the Ci 3 -U 34 unpaired state 
at Stem 2 into a Q 3 -G 34 paired state (Figure 5A). 
However, similar to the chicken Gabral mutant construct 
we also failed to detect RNA editing in this construct 
(Figure 5). Also the F. rubripes Gabral mutant, convert- 
ing the Aj-C 46 unpaired state at Stem 3 into a G]-C 46 
paired state failed to be edited in the oocyte injection 
system (Figure 5). To exclude the possibility that 
sequence preference was responsible for these differences, 
the conserved stems (Stems 1-3) were further mutated to 
be nearly or even completely identical to mammalian 
gabra3 (Supplementary Figure S2). However, the resulting 
constructs still failed to restore editing. In contrast, only 
mutations in combination with a substitution in a 
non-conserved region could raise editing to levels to 
those of mammalian Gabra3 (Supplementary Figure S2). 
In fact, such a chicken Gabral mutant (Gga-M14) struc- 
turally resembles mouse Gabra3. This indicates that 
chicken Gabral might be only edited when the sequence 
of the variable region totally resembles mouse or human 
Gabra3. Therefore, these data suggest that the 
non-conserved region may play an important role in 
modulating RNA editing. 
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Figure 4. Stem 3 is dispensable for RNA editing. The impact of dele- 
tions of Stem 3 on RNA editing was tested in various deletion con- 
structs shown in (A). Editing levels of the various WT and mutant 
transcripts were determined by nuclear injection of Xenopus oocytes 
followed by RT-PCR and digestion with enzymes diagnostic for the 
editing site (B). Hsa: Homo sapiens; Mmu: Mus musculus; Bta: Bos 
taunts. Data are expressed as mean ± SD from three independent 
experiments. 



A structural switch at the non-conserved region for 
RNA editing 

Based on these results the obvious question arose, why no 
editing could be detected in the transcripts of chicken 
Gabral, zebrafish Gabra5 and the mutated constructs 
(Figure 5). The only difference between Gabra3, and the 
mutated chicken Gabral, and zebrafish Gabra5 could be 
found in the variable region (Figures 2 and 5). To examine 
whether the sequence at the non-conserved region might 
affect I/M editing, a series of constructs was analysed 
(Figure 6 A and B). The predicted secondary structures 
were verified by chemical structure mapping (Figure 7). 
Surprisingly, only background levels of editing were 
observed in two constructs where the viable region was 
altered (Mmu-M4, Mmu-M5) (Figure 6A and B). 



Comparison of the variable region between editable and 
uneditable constructs indicates the presence of two bulges, 
which are separated by 2 bp in most cases, in an asymmet- 
ric orientation (Figures 6C and 7). In editable constructs, 
a bulge (Y9) is located on the 5' strand in a distance of 
6 bp to the editing site A3 1 and another bulge is observed 
at position Y40. In contrast, a bulged Y38, which is 
located on the 3' strand in a distance of 6 bp to A3 1 , inter- 
feres with editing. In these uneditable constructs, Y7 is 
typically unpaired as well. It is, however, worth mention- 
ing that reducing the distance between the 3' bulge and 
the editing site to 5 bp allows efficient editing, as it is the 
case for Bta Gabra3 (Figures 2D and 4). Interestingly, 
a relatively open loop, as the one found in the human 
WT sequence, did not interfere with editing. Moreover, 
perfect pairing in the variable region introduced by 
mutation could lead to a decrease in editing below half 
of WT level (Supplementary Figure S2). Seemingly, the 
structure of the variable region sets a switch for I/M 
editing. 

Editable WT human and mouse gabra3 and their 
mutated, uneditable counterparts were tested for struc- 
tural differences by chemical probing. Also, WT 
uneditable chicken and the editable mutant 14 of 
chicken Gabral were subjected to chemical probing. As 
predicted, in mutant and WT mammalian Gabra3, the 
strongest difference could be observed in the variable 
region. As predicted a proximal unpaired nucleotide on 
the strand harbouring the edited adenosine (U39) seem- 
ingly interferes with editing. Interestingly, a rather open 
structure as in the human WT construct does not interfere 
with editing. In chicken gabral, the uneditable WT struc- 
ture showed a very flexible and open conformation at the 
base of the stem. The editable mutant (Gga-M14), in 
contrast, was much more protected in this region. 
Structural probing (Figure 7) confirmed that a 
5' unpaired residue (Y9) is indeed present in the editable 
substrate RNAs together with a bulged Y40, while base 
pairing of Y9 and Y40 with nucleotides 39 and 9, respect- 
ively, and abolishes editing. 

Temperature-mediated switch of RNA editing 

Proper folding of the editing stem-loop might also be 
affected by temperature. Therefore, to test the role of 
the variable region on temperature-dependent folding, 
we performed a temperature control experiment in which 
editing of the I/M site was monitored. As a result, three 
WT-constructs could efficiently undergo RNA editing at 
25-37°C. Interestingly, mutant minigenes (Hsa-C40, 
Mmu-C40), which could not undergo RNA editing at 
25-33°C, could undergo RNA editing at elevated tem- 
peratures (Figure 8A). These results also indicate that 
editing of WT-constructs is relatively inert to temperature 
changes. 

To further test whether RNA structures change between 
25 and 37°C, we first compared electrophoretic mobility of 
the editing loop in native and denaturing PAGE gels. As 
expected, three WT-constructs exhibited identical electro- 
phoretic mobility in 25 and 37°C, both in denaturing and 
native PAGE (Figure 8A). Although Hsa-C40 mutants 
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Figure 6. RNA editing is modulated by a structural switch at the non-conserved region. (A) Predicted RNA secondary structure of the 46-nt Gabra3 
substrates and mutants. A series of mutants was analysed where nucleotides at the non-conserved region were mutated (enclosed in square). In all 
cases, the RNA architecture is identical except for the variable region (shaded in colour). The structural shape at the variable region is important for 
editing. Edited architectures are shaded in blue, while unedited architectures are shaded in yellow. A red cross marks the failure to detect RNA 
editing (<5%). (B) Editing levels of the various mutant transcripts after injection Xenopus oocyte nuclei. Data are expressed as mean ± SD from 
three independent experiments. (C) A structural switch at the non-conserved region is a determinant for editing. All examined substrates could be 
confined to two different shapes. A proximal bulges on the same strand of the edited A inhibits editing, while a distant bulge on the same strand is 
compatible with editing. ***/>< 0.001 compared with each other (using the Student's Mest). 



5678 Nucleic Acids Research, 2011, Vol. 39, No. 13 



Hsa-WT 



B 



Hsa-C40 



.er 

A C G U - <T At c7 



C9 - 

C15 - 
U23 - 



A31 - 

C34 - 



•c 

• A- 

20 -»G ' 

•G = 
U- 
A - 

C 

C : 
G = 
G = 
C = 

• A- 
io*G = 

•c 

G 
U 

• A- 

U - 
A- 

C: 
G: 
5'-G: 



V 

■U 
U 

:C 

■A» 

:G- 
:C 
• C 
:G 
■U 
:C 
U» 
G» 

U*40 

■u- 

■A 
■U 
:G 
:C 

:C -3' 



C9 - 
C15- 



A31 - 

C34- 



A C G U " <y-ir (J 



U23 - — _ _ a 



0 

•c U 

•A- 

20*G ' 

•G = 
U- 
A- 
C 
C : 
G = 
G: 
C : 

•A- 
io*G : 

C = 
•G: 
• U 

•A- 
U- 
A- 

C: 
G: 
5'-G = 



30 



G 
■U 
U 
:C 
■A 

:G» 

:C 

:C 

:G 

■U 

:C 

U» 
:G» 

■U 
■A 
■U 

:G 
:C 

:C -3' 



A C G U - <y-ir (j 

C9 - _ — _ 5 ■ *? 

C15- - m 

m a 

U23 - — 
A31 - 

C34 - r — 

G39 - «• — _ r 



Mmu-WT 

• • 

U G 
•C G» 

• A-U 

20»G • U 

• G = C 

U-A 

A-U-so 

C 

C = 
•G = C 
•G = C 
•C =G 
•A-U» 

io»G = C 
•C 
•G • U • 
E=G» 

•A-U« 
•U-A 
A-U 

C =G 
G = C 

5'- G = C -3' 



C9 - 
C15- 

U23 ■ 



G39- 



A C G U - <f At CJ 



Mmu-C40 



C G* 
•A-U« 

20 *G • U • 

•G = C 
U -A« 

A-U*30 
C 

C = G» 
G = C 
G = C 
C=G 
•A-U 
io-G = C 

U« 
•C = G« 
G=GH° 

•El 

•A-U 
U-A 
A-U 

C =G 
G = C 
5'- G = C -3' 



E Gga-WT p Gga-M14 

& • • • • 

A C G JJ ^ <f -ir C? «A-U ACGU -<^-VrcT iA-U 

~~~ ^1 ^ m 2o*G • U • — Wk v 20 -G * U 

— _ _ • G»[U]» — — G = C 

C9 - » «U-A C9 - ~ U-A 

; — — A-U-30 _~ A-U-3" 

C15-^-" m CJ§>*H C15 _ Cj^-. 

■ «G = C m ~ G = C 

SB'S* _ _ __ — g = c 

U23--„ — «■_. C=G. U23- - , § C = G 

S - A-U» — A-U 

io-s=iel» - •» io-g = c 

A31 - «» U« A31- - ■ ,c 

_ ^— C = G» _ G«U» 

034 - G=B-40 C34- - _ 5 ^ HS=G 

~ _ _ — A-U _ — «A-U» 

G39- • »U-A G39- ^ _ * "U-A 

«. - «@ U» _ A-U 

_ " — C = G C = G 

5'-G = C-3' 5'-G = C-3' 

Figure 7. Structural probing of editing substrates in vitro. Left panels: representative primer extension gels showing the in vitro modification pattern 
of the GABRA editing substrates of H. sapiens WT (A), H. sapiens mutant C40 (B), Mus musculus WT (C), Mus musculus mutant C40 (D), Gallus 
gallus WT (the sequence of Gabral; E) and Gallus gallus mutant 14 (F). A, G, U and C denote sequencing lanes. In the lane natural stops of the 
reverse transcriptase are shown to detect natural stops of the extension (independent of DMS, CMCT or Kethoxal modification; RNA was folded, 
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folded at 37 and 25°C exhibited identical electrophoretic 
mobility in the denaturing PAGE (Figure 8B), they ex- 
hibited different electrophoretic mobility in native 
PAGE (Figure 8C). Mmu-C40 mutants behaved similarly 
(Figure 8B and C). This suggests that these mutants can 
assume two distinct secondary and perhaps tertiary struc- 
tures from the same sequence at 37 and 25°C. Considering 
the correlation between structure and RNA editing, this 
structural alteration might lead to switching RNA editing 
on and off. Furthermore, these results also indicate that 
WT-constructs have more evolutionary advantage by re- 
sisting changes in editing by temperature. 

DISCUSSION 

A-to-I editing: beyond RNA secondary structure 

Phylogenetic and mutagenesis analyses revealed that 
duplex structures are required for efficient RNA editing 
in all substrates such as gluR (24), sytl (25) or ADAR2 
(26). Except for the high conservation of the editing site 
complementary sequence (ECS), there seems to be poor 
phylogenetic conservation of the primary sequence aside 



from its ability to form a dsRNA (24). However, the 
mechanisms underlying selective editing are still largely 
unknown (27). For example, some gluR-C introns are 
conserved beyond the sequences required for editing 
(24). Despite the 40 million years of divergence nucleotides 
in the edited exon of the sytl genes are invariant within 12 
Drosophila species, although not all nucleotides are within 
the duplex structures required for editing (25). We find 
that there are much lower GC-content and higher Gibbs 
free energy in edited exons than in other exons in the 
Drosophila sytl and other 47 transcripts (28). A previous 
study also suggests that the 3D structure is important for 
ADAR substrate recognition and coupling of A-to-I 
edited sites (29). We analysed and compared the con- 
structs which contained similar RNA pairing structure 
but tertiary structural variation and found that those 
have different editing fate. A very recent study reveals 
structural and sequence requirements of the R/G editing 
site of GluR-2 for ADAR2 dsRBM binding (30). 
Similarly, our study indicates that the single nucleotide 
at Y40 position could play an important role in effective 
RNA editing by introducing a minor change in shape 
while leaving the overall stem-loop structure 
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unaltered (Figure 6). Moreover, elevated folding tempera- 
ture could switch RNA editing, which corresponded with 
RNA structure change from the same sequence. This 
finding is interesting as it suggests a different mechanism 
of editing control for homoiotherms and poikilotherms. 

A smart mini-duplex substrate for editing 

Previous studies indicate that efficient A-to-I editing 
occurred with dsRNAs of >23-30bp in length (8). The 
crystal structure of a monomeric dsRNA binding 
domain complexed with dsRNA suggested that a 
minimum of 16-bp of dsRNA may be sufficient for 
dsRBD-dsRNA interaction (31). Consistently, a 
minimal size substrate consisting of a 15-bp stem with a 
single A-C mismatch could undergo efficient editing (27). 
Here we define a substrate shorter than 10-bp, with one 
A-C mismatch and capped by a tetraloop, for proper 
editing. This represents the shortest substrate for A-to-I 
editing yet reported in animals. Considering that quite a 
few mutations not only reduced but turned on/off editing, 
this duplex is an excellent model to examine the effect of 
sequence and structure on editing. 

Our finding that ADAR can edit such small dsRNA 
substrates is of particular interest, considering the fact 
that the RNase Ill-like ribonuclease Dicer processes 
long dsRNAs to about 22 bp siRNAs (32). Recent 
findings point to an intimate interplay between the 
RNAi and RNA editing pathways (4,33-37). RNA 
editing greatly reduces the production of siRNAs and con- 
sequently antagonizes RNAi effects in vitro (37). 
Moreover, ADAR certainly can affect RNAi efficacy 
through A-to-I editing of dsRNA in vivo (35,36). Recent 
studies identify ADAR1 as a cellular factor that limits the 
efficacy of siRNA in mammalian cells (38). Notably, 
ADAR1 is induced by interferon, raising the possibility 
that this cytokine can modulate RNAi responses (39,40). 
Our finding therefore suggests that siRNAs could be po- 
tential targets for A-to-I editing. 

Exon-directed recoding: regulatory hidden layers 

Redundancy of the genetic code would allow more than 
six million DNA isoforms to encode 16 identical Gabra 
amino acids. The protein-coding region of an mRNA can 
thus contain one or more overlapping layers of informa- 
tion that modulate gene expression. Apart from the 
well-known alternative splicing signals, the overlapping 
RNA secondary structure can contribute to ADAR- 
mediated recoding of the amino acid sequence. Our 
results indicate that a single synonymous substitution 
might result in a nearly complete loss of editing (Figure 6). 
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